A single-frequency 397.5 nm laser by means of an intracavity frequency-doubled Ti:sapphire (Ti:S) laser is presented. In order to obtain the second-harmonic generation with low threshold pump power and high out power, the optimal length of the Ti:S crystal is theoretically analyzed and experimentally measured. The experimental results are in good agreement with the theoretical expectation by comparing the experimental result to the theoretical value of the threshold pump power. After inserting the nonlinear BIBO and LBO crystals, the obtained output powers of the 397.5 nm laser are 1.58 and 0.78 W, respectively. Lastly, the tuning characteristic, power stability, and beam quality are also discussed.
INTRODUCTION
Continuous-wave (CW) coherent light sources in the blue to near-ultraviolet (UV) spectral region are useful for applications in biomedicine, metrology, high-resolution spectroscopy, atom trapping, and quantum optics. In the UV spectrum, for instance, the cooling transmission of 40 Ca 2 ions (S 1∕2 -P 1∕2 ) falls within the wavelength of 397.5 nm [1] . In quantum optics experiments, single-frequency 397.5 nm lasers can be used as the pump sources of the optical parametric oscillators and amplifiers, which are the important devices for the generation of optical squeezed states and entangled states at the wavelength of 795 nm. The generated 795 nm nonclassical states of light can be applied in the advanced experimental investigations of information protocols and quantum communication because the 795 nm corresponds to the D 1 line of rubidium (Rb) [2] . In order to generate a CW squeezed vacuum state resonant on the Rb D 1 line, Tanimura et al. [3] utilized an external powerenhancement cavity doubling of a Ti:sapphire (Ti:S) laser to obtain a 105 mW single-frequency 397.5 nm laser, which was used as the pump source of the squeezed vacuum state and observed a squeezing level of −2.75 dB. In 2007, Hetet et al. [4] implemented the 5 dB of quantum noise suppression. Recently, Han et al. realized a 397.5 nm tunable laser with output power of 130 mW via ring-cavity-enhance frequency doubling [5] . In these experiments, the external frequency doublers of the Ti:S lasers have to be locked to the input laser frequency to obtain stable single-frequency 397.5 nm laser, which increases the complexity of the laser system and decreases the stability of the laser system. Compared to the external frequency doubler, the intracavity second-harmonic generation (SHG) by inserting a nonlinear crystal into the single-frequency Ti:S laser resonator is an attractive approach to realize the blue to near-UV output. In 2003, White et al. [6] realized a tunable single-frequency UV laser generated from a CW Ti:S laser with an intracavity periodically poled lithium niobate crystal. The maximal second-harmonic power of 114 mW was measured at 403 nm, but instability in the UV output power and the reduction in second-harmonic power at shorter wavelengths were observed. In 2007, Cruz and Cruz [7] reported on CW SHG of infrared Ti:S lasers using nonlinear BIBO (Bismuth Triborate, BiB 3 O 6 ) crystal in an external power-enhancement cavity and inside the laser resonator. The obtained powers are 70 and 266 mW of single-frequency radiation at 423 nm for external frequency doubler and intracavity SHG, respectively. In 2011, Li et al. [8] realized a single-frequency tunable 461 nm laser with output power of 280 mW by employing the same schematic as [7] . So far, there are few reports on the intracavity frequency doubling of the single-frequency Ti:S laser below the wavelength of 400 nm since the absorption in the UV spectrum region of lots of nonlinear crystals is strong, especially in the range of <400 nm. So we must optimize the laser resonator and the parameters of the crystals to decrease the intracavity losses and choose the appropriate nonlinear crystal to obtain a single-frequency UV laser with high output power. In this paper, we first analyze the optimal length of the active Ti:S crystal in a single-frequency resonator with an intracavity nonlinear crystal for SHG to decrease the intracavity loss and achieve the lowest threshold pump power. Then, by employing the theoretical length of the optimal Ti:S crystal, an astigmatism compensated resonator is designed and constructed. At last, by inserting nonlinear BIBO and LiB 3 O 5 (LBO) crystal, we achieve a single-frequency 397.5 nm laser with the output power up to 1.5 and 0.8 W, respectively. To the best of our knowledge, these are the highest output powers for intracavity frequency-doubled Ti:S lasers. The experimental observation of the threshold pump power and the theoretical calculation are in good agreement, which provides us a feasible way to choose the length and the absorption coefficient of the Ti:S crystal to achieve a UV laser with low threshold pump power and high output power.
THEORETICAL ANALYSIS
Ti:S crystal is an unusual laser medium because of its broad coverage of the near-infrared spectral region. However, the parasitic absorption [9] in the material often badly influences the conversion efficiency of the laser. This phenomenon has been attributed to the presence of Ti 4 ions in the crystal (the active ion is Ti 3 ). The crystal quality is characterized in terms of an absorption figure of merit (FOM) defined as the ratio of the absorption at the pump laser wavelength to the parasitic absorption at laser wavelength (FOM α∕α l , where α and α l are the absorption coefficients of the Ti:S crystal at the pump laser wavelength and the laser wavelength, respectively) [10] . The higher the Ti concentration is, the lower the value of the FOM is and the stronger the parasitic absorption of the Ti:S crystal at laser wavelength is. This is a focus to design an intracavity frequency doubling Ti:S laser with high output power. As usual, the Ti:S crystal with low Ti concentration is used in the experiment in order to avoid the absorption of the crystal at laser wavelength. However, low concentration can decrease the absorption of the crystal at the pump laser. So, there is an optimal length of the Ti:S crystal to make the laser obtain the largest output power for doubling-frequency laser when the Ti concentration is given.
Laser performance can be analyzed by using a twodimensional model for a longitudinally pumped system in which both lasers are assumed to operate in a fundamental Gaussian mode. The CW threshold power P th is given by the following equation [11] :
where η t is the transmission efficiency of the pump laser, hυ p is the pump photon energy, σ is the emission cross section, τ is the upper-state lifetime. ω 0 and ω p are the cavity-mode and pump radii in the crystal, respectively. The final term in brackets represents the pump-absorption efficiency (α is the absorption coefficient at υ p and l is the crystal length). L cav and L xtl are round-trip cavity loss and the loss caused by the parasitic absorption of the crystal, respectively. The loss caused by the parasitic absorption in the crystal is given by
where l eff is the effective parasitic absorption length, which equates l in the traveling-wave cavtiy and 2l in the standingwave cavity, respectively. Substituting Eq. (2) into Eq. (1), the relation for the threshold pump power and the length of the Ti:S crystal is obtained. Figure 1 is the functions of the threshold pump power versus the length of the Ti:S crystal for three different absorption coefficients at the pump laser wavelength, in which the experimentally measured parameters for our laser system, υ p c∕λ p , λ p 532 nm, η t 95%, σ 4.9× 10 −20 cm 2 , τ 3.15 μs, L cav 3.88%, ω 0 36 μm, ω p 30 μm, and FOM 200 are utilized. We can see there is an optimal l l opt for a given α, where the threshold pump power reaches to the lowest point, and l opt decreases when α increases. The optimal length of the Ti:S crystal can be obtained when dP
For the Ti:S crystal with the absorption coefficient of 1.15 cm −1 and the experimental parameters of our laser system above mentioned, we can see that the optimal length of the Ti:S crystal is 21 mm and the pump power at threshold is 4.9 W.
EXPERIMENTAL SETUP
According to the theoretical analysis, we design an all-solidstate CW single-frequency Ti:S laser with an intracavity frequency doubler, which is shown in Fig. 2 . The pump source is a single-frequency and frequency-doubled Nd:YVO 4 laser with a maximal 20 W power of the green laser (F-VIII B, Yuguang Co., Ltd.) [12] . The pump green laser guided by M 1 and M 2 is coupled into the resonant cavity of the Ti:S laser by a telescope coupling system, which consists of two lenses f 1 and f 2 with the focal lengths of 200 and 120 mm, respectively. The half-wave plate in front of the resonator is used for the polarization alignment of the pump laser with respect to the optical axis of the Ti:S crystal. An astigmatism compensated doubled-folded resonator is employed to give two tight-focus are coated with high-reflection (HR) films at 750-820 nm and antireflection (AR) films at 532 nm, and the folding angle at M 3 and M 4 is set to 15.8°. M 5 is coated with HR films at 750-820 nm. Another two curved mirrors (M 6 and M 7 ) are coated with HR films at 750-850 nm and AR films near 398 nm, and the folding angle at M 6 and M 7 is set to 10°. The angles of four concave mirrors can be enough to compensate the astigmatism in the ring cavity induced by the Brewster-cut intracavity elements, including Ti:S gain crystal, a three-plate birefringent filter (BRF), and an optical diode [13, 14] . The Brewsterangle-cut (60.4°) Ti:S crystal with a 4-mm diameter is utilized. The absorption coefficient at the pump wavelength of 532 nm and FOM are 1.15 cm −1 and about 200, respectively. The optimal length of the Ti:S crystal is 21 mm according to the above analysis, which is used in the experiment and mounted in a closed copper block oven cooled by water circulation and positioned between M 3 and M 4 . The three-plate BRF with thickness of 1, 2, and 4 mm is inserted into the resonator with its Brewster incidence angle (57°) for coarsely and broadband frequency tuning. To enforce unidirectional oscillation, an optical diode based on the Faraday effect is used. It comprises a Brewster-cut, 3-mm long, terbium gallium garnet (TGG) Faraday crystal placed inside a stack of permanent Sm-Co ring magnets. A thin quartz plate is used to compensate, via optical activity, the polarization rotation induced by the TGG crystal.
Although the optimal length of the Ti:S crystal can make the laser achieve a low absorbed pump power at threshold, we should also consider how to obtain a higher output power by choosing the appropriate nonlinear crystal for the intracavity frequency doubling. For SHG below 400 nm, crystal candidates are LBO, beta barium borate (BBO), BIBO, lithium iodate (LiIO 3 ), and periodically poled KTiOPO 4 (PPKTP). Compared to BBO and LiIO 3 , LBO has a much smaller walk-off angle and BIBO has higher nonlinearity and very good optical quality with low scattering and absorption losses.
Though PPKTP has advantages such as being free of walk-off and high nonlinearity, the strong absorption below 400 nm limits its application in the high-power UV generation [15] . So, in the experiment, a LBO and a BIBO crystal are inserted into the resonator to be as the frequency doubler, respectively. The parameters are listed in Table 1 :
From the table, we can see the type-I phase-matched BIBO crystal has a much higher nonlinear coefficient than that of LBO (lithium triborate, LiB 3 O 5 ), but the walk-off angle (ρ) of the BIBO is larger than that of the LBO. To realize SHG of the 795 nm laser, LBO and BIBO are cut on type-I critically phase-matched angle that is θ 90.0°, Φ 32.1°and θ 150.7°, Φ 90°, respectively. Both crystals are wrapped with an indium foil and mounted in a temperature-controlled copper oven. Using a thermoelectrical temperature controller with accuracy of 0.03 K, the temperature of the LBO and BIBO crystal is stabilized to the optical phase-matching temperature value of 300 K.
EXPERIMENTAL RESULTS
The function curve of the output power for the singlefrequency 397.5 nm laser versus the pump power is plotted in Fig. 3 . When the frequency doubler is BIBO, the maximum output power of 1.58 W is measured under the pump power of 20.2 W, which is the maximal output power of the pump source. The threshold pump power and the optical-optical conversion efficiency (from 532 to 397.5 nm) are 5.1 W and 7.8%, respectively. The longitudinal-mode structure is monitored by a scanned Fabry-Perot cavity (F-P-100, Yuguang Co., Ltd.) and the transmission curve is shown in Fig. 4 . The free spectrum range and the finesse (f) of the F-P cavity are 750 MHz and 150, respectively. It demonstrates that the laser works with single-frequency operation, which is owing to the existence of the nonlinear loss introduced by the nonlinear crystal [16] . Though the laser has high output power and optical-optical conversion efficiency, the instability of the output power is observed. After a few minutes, the second-harmonic power reduces to a quite smaller value, which is similar to the phenomenon mentioned in [7] . We also observed that the higher power can be recovered by rotating the BRF to realize the frequency tuning of the laser. It indicates that the generation of the UV laser with the high output power can change the phasematching condition of the BIBO, which is defined as the photorefractive effect. In addition, because of the large walk-off effect, the emitted UV beam is elliptical in shape, and there are several interference fringes mixed in the output beam. When the frequency doubler BIBO is replaced by the LBO, the output power is only 0.78 W at the pump power of 17.08 W with the threshold power of 5.1 W. The optical-optical conversion efficiency (from 532 to 397.5 nm) is 4.6%, which is limited by the nonlinear conversion coefficient and the length of the nonlinear LBO crystal. When the pump power is higher than 17.08 W, the output power of the 397.5 nm laser decreases since the low nonlinear coefficient of the LBO make the laser reach the gain saturation. The measured threshold pump power of 5.1 W in the experiment for LBO and BIBO is in good agreement with the theoretical calculation (4.9 W), which shows that 21 mm is the optimal length of the Ti:S crystal. The long-term power stability of the laser recorded by a power meter is shown in Fig. 5 . The power stabilities of the laser with the LBO as the frequency doubler is better than 3.2%. The phenomenon such as the output power reduced to a small value is not observed when the LBO acts as the frequency doubler, which indicates the difference of the LBO and BIBO crystals. The tuning characteristic of the UV laser is implemented by rotating the BRF when the frequency doubler is LBO. Because of the phase-matching range of the LBO, the tuning of the UV laser is limited to the range from 394 to 402 nm, as shown in Fig. 6 . Though the emitted UV beam is elliptical in Fig. 4 . Laser transmission intensity obtained by scanning a confocal F-P cavity. Fig. 7 and its inset, respectively.
CONCLUSIONS
In summary, a single-frequency and intracavity frequencydoubled Ti:S laser with low threshold pump power and high output power is presented. We theoretically analyze the dependence of the threshold pump power of the laser on the length of the Ti:S crystal and obtain the optimal length of the Ti:S crystal. The experimental measurements are in good agreement with the theoretical expectation. By inserting the BIBO and LBO crystals, respectively, the single-frequency 397.5 nm lasers with output powers of 1.58 and 0.78 W are obtained. The tuning characteristic, power stability, and beam quality are also discussed. For the first time, we realize a single-frequency 397. 
